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MICiiOSTRUCTLIREOF IIETASTABLEMETALLIC ALLOY FILMS PRODUCED
BY LASER BREAKDOUN CHEMICAL VAPOR DEPOS:TIONAND ION IMPLANTATION

S. K. PiLNOrIJ*,T. R. JERVIS, andM. NASTASI
Materials Science and Technology Division, Mailstop E549, Los Alamos
National Laboratory, Los Alamos, NM 87545, *Present address: Naval Chemical
& MetallurgicalLaboratory, Naval Dockyard, Tiger Gate, Bombay 400023, India

ABSTRALT

Thin films produced by laser breakdown chemical vapor deposition from
nickel and iron carbonyls and by implanting Ni fcils with varying levels of
C hcive been characterize by transmission electron microscopy. Decomposition
of Ni(W)4 produces polycrystalline films of fcc Ni and metastable ordered
nexabonal NiJC. This metastable phase is identical to that produced by
g~s carburization, rapid solidification of Ni-C melts, and ion implantation
of C into hi at lok concentrations. Increasing the H2 content fn the gas
mixture during laser deposition reduces the grain size of the films
siynificarltlywith grain sizes smaller than 10 nanometers produced. Laser
decomposition of Fe(CO)~ produces films with islands of fcc gamma-Fe and
tinely dispersed metastable Fe3C (Cementite). In addition, the ferrous
oxiaes Fe203 ana Fe3CJ4 were found in these samples. Implants of C
i!lto pure Ni foils at 770K and at a concentration of 35 at.% produced
afllorphouslayers. Implants at the same dose at room temperature did not
prooucc amorphous ldJ@rS.

INTRObULTION

Recently, a new technique for the preparation of thin films by gas
pli~sepyrolysis of metal bearing gas mixtures has been developed[l,2]. The
technique utilizes laser dielectric breakdown of gas phase precursors to
inauce the deposition of metallic films on an unheated substrate. During
tileproces~, aeconlpositionand deposition on the substrate occur in a short
time (,<,2 msec) and hence the entire process fs expected to yield
~tifl-equlllbriurlstrictures. In this work, thin films produced by laser
breakaown cherllicalvapor deposition (LBCVCI)from Ni and Fe carbonyls have
beerlexat,lil~e~ana tl~eirstructure characterized with emphasis on identifying
ttt phases present. Comparable structures fn the Ni-C system were also
proaucea by ion implantation, In a sample fmplanted at the highest dose
(correspcmuing to a C concentration of 35 at.%) at 77°K, an amorphous
surface layer was formed, indicating that diffusion kfnetfcs lfmft the
formation of the amorphous phase.

EXPLftIhENT

Thin f’llmswere formed by a laser deposition process fn whfch as phase
chemical re~ctfons are Inftfated fn a flowfng gas mfxture[2], !?D electrfc
breakdown fn the mixture caused by the focused beam of a pulsed CO laser
creates a plasma regfon a short dfstance above the substrate h;fi ~n: 9as
mfxture fs Driniarilv Ar with at mnct W. cnitrr~ nncoc snd iin U.
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when this Is a halide. The M buffers the reacting species and enhances
dielectric breakaown. The substrate is heated only to insure volatility of
the source gas (1<350 OK) and there fs no direct interaction between the
plasma itself and the deposited film so that there is little surface energy
available to the depositing materials. This results in direct deposition of
metastable forms, even when sufficient rearrangement occurs to form
continuous metallic films. For the convenience of microstructural
characterization, thin films were deposited on NaCl substrates and the films
floateo onto 3 mm Cu grids. Implants of C into Ni foils were performed to
result in surface layers with C concentrations of 17, 25, and 35 at.%. All
specimens were examined in a Phillips 400T transmission electron microscope
operating at 120 KV.

RESULTS AND DISCUSSION

Thin films proaucea
layers ot’imDlantea foils

by LBCVD from Ni and Fe carbonyls and the surfac(’
were examined by transmission electron microscopy.

Tnk results ‘of the microstructural analysis will be presented and compared
in the following sections.

f

Decomposition of Nickel Carbonyl, Ni(CO)4:— ——

A typical microstructure observed in the LBCVD Ni samples and the
corresponding selecteu area diffraction (SAD) pattern are shown in Fig. 1,
AS can he seen in Fig, l(a), the samples produced by LBCVD of Ni(CO)4 are
fine-grained (grain size 515 nm) polycrystalline films.

FIG. l.(a; Briqhtfield micro~ra~h illustrating the fine grained film
oepositeo by LBC~D from Ni(CO)~. “ (b) SAD patte;n showing th~ presence of
fcc hi and Ni~L.



,,, SAD patterns from these samples revealed diffraction spots arranged as
nearly continuous rfngs as shown in Ffg l(b). Analysis of these diffraction
patt~rns revealed that fcc Ni and ordered Ni3C are present. Table I lfsts
the observed fnterplanar spacing as measured from the SAD patterns and the
fuaexing scheme. Sfnce the SAD patterns showed many closely spaced rfngs,
often quite weak fn intensity, measurement of the d-spacings was afded by
microaensitometer traces of the diffraction patterns. The fndices for the
Ni~ ph,asecorrespond to an ordered hexagonal lattice and matches very
well with the structure described by Nagakura[3,4] who obtained this phase
by gas carburization of thin Ni films deposited on NaCl crystals. The
lattice constantc found here are a = 0.455 nm and c = 1.29 nm. This phase
has also bee~,obtainea in Ni-C alloys by lfquid phase quenching[5]. The
lattice parameter ot the fcc phase was estimated from the electron
aiftraction aata to be 0.355 nr,lindicating a considerable increase from that
of pure Ni (a = 0.35238 nm)~6]. The maximum equilibrium solid volubility of
L in Ni is reported to be 2.7 at. %[7-9] and hence it is clear that the
LBCVD process leads to a considerable degree of supersaturation in the fcc
plldsE. A rough estimate of the carbon concentration in the fcc phase can be
obtainea from the relationship a(nm) = 0.35240 + 0.0008 x at. % C as
rep~rtea by Ruhl ano CollenilG]. Accordingly, the fcc phase produced by
‘.bCVDcontains about 7.7 at. % C in solid solution. This is consistent wfth
\IIt’ metastable equilibrium aiagram obtained by Ershova et. al.[9] which
i~laicates a maxfmum C solubllity of 7.4 at.% in the Ni-Nf3C phase
diagranl. Auger spectroscopy analysis indfcates from 8-25 at.% C fn LBCVD
ti’~ms. A very rough estfmate based on the lever rule fndicates that the
salopiesanalysed contain about 14% by volume of the Nf3C phase. Darkffeld
micr~scopy experiments showed that the samples were composed of entfre
~rails of the carbide phase.

TABLE I
Phases Present fn Nf Films

Irlterpl~~liSpacing

b.337
U.225
0.212
b.zul
b.’l97
LI.17!+
0,155
U.132
iJ.125
U.12C
L4.108
(J*102
u.0b9
0.084
0,061
b.1179

(h,k,f,l)
Nf;C

01T2
1170
0006

1173

11?6
0330

2078, 10TIO
1129
00012
22%

1453

14?6

(h, k,l)
fcc Ni

111

00?

022

113
222
004

133

u
o
+)

u



FIGURE 2. Darkfield micrographs of Ni-C film obtained f$om two positions on
the same diffraction ring.

FiS. 2 shows two dark field micrographs from the same area which were
obtained by enclosing a large number of diffraction spots within the
objective aperture. The two darkfield micrographs shown fn Ffg 2 were
obtained from the same area of the specimen but by positioning the objective
hpertufe at two dffferent positions along the diffraction rfng. It fs
eviaent from Table I that several d-spacings corresponding to Nf3C and fcc
f~i are very close and one cannot isolate the fcc Ni spots from the Nf C
spots ~n the SAD pattern. Dark ffeld micrographs (sfmflar to Ffg. ;)
obtiiineclfrom several portions of the diffraction rfng failed to show any
morphology other than equiaxed grains associated with either of the phases
prese)~t in the films, Hence, we conclude that both the fcc Nf and Ni3C
grains possess sfmflar equioxea morphology. These observations suggest that
both of these phases nucleated independently from the gas phase rather than
formfng from a supersaturated fcc solfd solutfon which subsequently
precfpituted the Nf~L phase.

~colllposftfonof Iron carbonyl, Fe(CO)5:——

Ffg. 3 illustrates a
Y
pfcal brfght field mfcrograph and the 3

corresponding SAD pattern obta ned from thfn films produced by LBCVD of s
FC(L(J)5, As cem be seen from Ffg 3(a), the microstructure consfsts of

3

fslands of one phase fn a unfform dispersion of very ffne precipitates. The
structure appears to be much more complex than that cf the NI fflms,

J>

Atlalysis of the SAO pattern reveals the presence of Fe203 and Fc304
o-h

In acraltfonto cementfte (Fe3C) and austenftc (gama). +
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F’IGURE 3.(a) Brfghtfield micrograph illustrating the film produced by LBCVl?
frontFe(CO)5. (b) SAD pattern showing the presence of multiple phases.

Table 11 shows a list of the observed d-spacings and the indexing
scheme. It appears that both the oxides may simultaneously be present though
the analysis is not unambiguous. The interes ing point to be noted is that
austenite is stabilized and no diffraction spots could be associated with
either of the bcc phases of iron. This finding is not really su~rising
since binary Fe-t austenite can indeed be stabilized at high C concentrations
since the martensite start temperature drops to temperatures below room
temperature when the carbon content increases beyond 1.23 wt. %[11]. The
lattice parameter of the gamma phase estimated from the data in Table II
corresponds to 0.365 nm. Basea on the lattice parameter vs carbon
concentration data reported by Roberts[12], this corresponds to a carbon
concentratim of 2.32 wt. % (10 at. %) which is slightly higher than the
maximum solid volubility of carbon in binary Fe-C austenite reported in the
Fe-F~jL metastable equilibrium diagram[7].

TABLE 11
Phases Present in Fe Films

l.nterplanarSpaciog (h,k,l) (h,k,l) (h,k,l)
(ml) Fe203 Fe304 Fe3C

0,251
0.211
(1.152
0,129
0.125
U.109
0.097
(.).(Jb9

110 311 020
120?

222
119 620 312
220 622 140, 313
042 731 331
229 751
2014 664

(h,k,l)
gamma

111

022

113

u
o-i
\
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As mentfoned before, the microstructure consisted of a distribution of
very fine particles of Fe C which are best seen fn the dark field
micrographs shown fn Ffg. i Ffg. 4(a) shows a dark ffeld mfcrograph
obtafned mafnly from the (Iii)-gamna spots and shows the austenfte grafns
clearly. Ffg. 4(b) shows a bfmodal dfstrfbutfon of partfcles wfth relatively
large austenitc grains and very fine ( 5 nm) partfcles of cementfte
(FeJc). The matrix fs presumably a thfn film of the oxfdes.

FIGUkE 4. Darkfield micrographs of Fe-C film showing size difference between
austenite and {ementite grains.

Ion Implantation of C into Ni Foils:—.— ..—

Carbon ions were inplanted into pure Ni fofls at an energy of 35 KeV,
doses of 2.0, 3.0, and 4.2 x 1017 /cm2, and at 2.8 x 10-6 A/cm~.
These implants resulted in C concentrations fn the surface layer of 17, 25,
ana 3!Iat.% as measured by Auger electron spectroscopy. Implants performed
at the highest dose were made into substrates held both at room temperature
mu at 770k. These foils were subsequently thinned from the back side and
ion milled to produce samples for TEN analysis. At concentrations up to 35%,
MIXed phase microcrystalline Nf and Ni3C were formed, The Ni3C
microstructure was identfcal to that found in the LBCVD, lfqufd quer,ched,and
carburizea samr)les. The microstructure of the samDle fmD~anted at 770K
aiffered from the
amorphous surface
conditions at room

uiscusslon:

others fn th~t an amorphous surface’layer ’was formed. NO
layer was observed fn the sample implanted under the same
temperature.

The experimental results presented here fndicate that decomposition of
both Nf and Fe carbonyls results fn the formation of a supersaturated fcc



“‘In Fe-Cl13.land Ni-C[5] alloys that were liquid quenched.~ 6as carburizatfon
of Ni proauces Ni3C identical tfI that observed here, however, gas
carburization of Fe is reported to produce cementite only above 6230 K
while other carbides are formed at lower temperatures[14]. Again, ion
implantation in hi produced Ni3C with crystal structure identical to that
touna here while Fe~C has been reported to form after implantation of C
into pure Fe~15J. Gas carburization allows for considerable atomic dfffusion
ana the praaucts fcumea have presumably approached thetmoc$mamic equilibrium
with the metastable phases observed pnsent only due to sluggish kinetics.
Liquia quenching and ion implantation do allow some atomic diffusion though
very limited in comparison to carburization with the products presumably in a
luetiistdbleequilibrium state. This study shows that even a severe quench
from the gas phase fails to completely stop the system from approaching its
e~bilibrium structure. This indicates that the carbides Ni3C and Fe~C
are associated with a very high thermo@namic driving force for their
formation even thou$h both of these phases are metastable. The formation of
an amorphous layer in the substrate held at low temperature indicates that
dltrlougtlthe saturated Ni-Ni3C mixture is associated with a high
thermo~namic driving force, a severe restriction of diffusion can result in
the formatioriof an amorphous phase.
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